Abstract: Nowadays, the increase amounts of mobile data has resulted in great demand on existing communication networks.
Introduction
Given the popularity of smart devices, mobile data is growing exponentially. Thus, the communications bands below 3 GHz seem crowded. By contrast, in the millimeter-wave band, there are many spectrum resources to be exploited. In the 60 GHz band, there is a 7 GHz bandwidth available for use. In the E-band, there is a 12.9 GHz bandwidth available for use. In millimeter waves several bands such as 28 GHz, 38 GHz, 45 GHz, 60 GHz and the E-band are being investigated for communication uses [1, 2] . According to a survey, throughout the millimeter wave band, there is up to 100 GHz spectrum available for use. In order to mitigate the large path loss in the high frequency band, antenna arrays that provide a favorable link gain are always used. Owing to the small carrier wavelength, a large number of antenna elements can be deployed in fixed antenna areas.
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to enhance the link [3] . High bandwidth channels also introduce challenges in the design of a system. In a conventional antenna-array system, multiple ADCs are needed to quantize the received signal. In a system configured with a great number of high-resolution, high-sampling rate ADCs, the power consumption Thus, the power consumption grows exponentially with the resolution [4] . A direct solution is to use lowresolution ADCs (in particular, one-bit ADC), which reduce the power consumption and cost.
Studies of one-bit ADCs have attracted much attention. Several papers analyzed the capacity of multiinput multi-output (MIMO) systems [5, 6] . Ref. [5] analyzed the capacity using a one-bit ADC in a low SNR (Signal to Noise Ratio) regime while Ref. [6] analyzed the capacity in a high SNR regime. Refs. [7] [8] [9] examine the channel estimation problem and Ref. [10] discussed the synchronization. In this paper, we propose a mixed LMS receive beamforming method for a millimeterwave one-bit antenna array. First, we make a rough estimation of the DOA of the incoming signal by using a partitioned grid. Then, using the steering vector for the rough DOA as an initial value for the LMS method, this mixed method exhibits a good performance with regard to spectral efficiency and convergence.
The rest of the paper is organized as follows:
Section 2 describes the system model for a one-bit beamforming architecture. In Section 3, the rough DOA estimation method is presented. The mixed LMS method is proposed in Section 4, and simulation results are presented in Section 5. The conclusion is given in Section 6.
System model

Path loss for millimeter wave
Millimeter-wave has a different path loss characteristic compared with the bands below 3 GHz. Owing to its small wavelength, the millimeter-wave band has a much larger path loss. For free space propagation,
Friis law can be expressed as [11, 12] (1)
where P r is the received power and P t is the transmit 
Solution to ADC bottle neck
In the millimeter-wave band, the ADC is always working under a large bandwidth. When sampling rate and resolution of ADC is high, the power consumption large, which make the ADC unusable for practical applications. The most popular solution for resolving the power consumption bottleneck is to lower the sampling rate or reduce the quantization resolution of the ADC. The former is called TI-ADC (time-interleaved ADC), the idea is to first build a high resolution ADC at relatively low speed using a power-efficient architecture. These power-efficient
ADCs are then interleaved in parallel to synthesize a high-rate ADC (See Fig.1 ). The main drawback of this method is that the mismatch among the sub-ADCs can FDXVH HUURU ÀRRUV LQ UHFHLYHU SHUIRUPDQFH [13] .
The latter method is to use low resolution ADCs (<3 bit), which can also reduce the power consumption. The one-bit architecture can simplify the complexity of the circuit so that automatic gain may not be required. In addition, performance loss at low SNR is negligible. In a MIMO system, the low SNR capacity gap between one-bit and full resolution ADCs is 1.96 dB. At a high SNR, when channel rank is at least N r , the achievable rate is at most 2 2N r bit·s 1 ·Hz 1 [11] .
One-bit multi-antenna architecture
Consider a millimeter wave multi-antenna receiver with one bit quantization, as shown in 
,
where a(ș) is the steering vector, and n is the N×1 noise vector.
A signal received by the linear array will be quantized by the one-bit ADC. For each antenna element, the quantized signal can be expressed as
where x i (t) is the received signal for the i-th antenna,
is the quantized sequence for the i-th antenna, and the complex quantized signal for the i-th antenna is
The signal after one-bit quantization has only four cases: {1 ± j, 1 ± j}. The received quantized signal for the array is
Suppose the receive beamforming weight vector is w and noise n in the receive antenna array is Gaussian, i.e., n~N(0, I). Then, the SNR for the received signal can be expressed as
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Grid partitioning
Conventional DOA estimation methods includes music, esprit method. These methods are widely used in all digital multi-antenna arrays and produce accurate estimations. However, the complexity of these methods is high and usually a precise correlation matrix for the signal is a prerequisite.
Owing to one-bit quantization, a precise correlation matrix is unavailable for the one-bit quantization 
The accuracy of the rough DOA estimation depends on T. When T is large, we have a narrow beam, and the error for the DOA estimation is small. When
T is small, we have a wider beam, so the error for the DOA estimation is large. In order to ensure a successful rough estimation, the number of grids T should be chosen to guarantee that the sidelobe of other beams is smaller than both the main lobe of a beam and the cross-point of two beams. For the beam described in Fig.3 , the main lobe of one beam is at least 20 dB higher than the side lobe of the other beams. In addition, the beamwidth is also larger than the width of each grid. Thus, the signal can be received by at least one beam.
Mixed LMS beamforming method
LMS beamforming
The previously described grid-based DOA estimation method has limited accuracy. Using the steering vector from a rough DOA estimation for beamforming will result in performance degradation. To further Thus, the error between the output signal and the desired signal reaches a minimum.
Usually, the optimal weight vector method under the LMS method can be expressed as [14] , (18) where X is the received signal, is the desired signal, and where e(k)=d(k) w H (k)x(k) is the error between the received signal and desired signal. ȝ is the updating step for the iteration and is related to the convergence of the LMS method. A too small value of ȝ will result in slow convergence and overdamping and using a too large ȝ PD\ OHDG WR ¿QGLQJ WKH LQFRUUHFW YDOXH IRU the LMS method. To ensure the convergence of the calculation, the update step must obey the following condition [15] :
Ȝ max is the maximum eigenvalue of the correlation matrix R XX .
Mixed LMS method
Usually, the LMS method can achieve a good performance, but it has a slow convergence rate. An improved method is using the steering vector obtained from the 
Simulation and results
In this section, we assess the performance of the proposed improved LMS beamforming method. We compare the radiation patterns of the rough DOA estimation,optimal method, one-bit LMS, and mixed LMS methods. In a simulation, we use QPSK modulation and a carrier frequency of 60 GHz. The number of antenna elements in the array is 16, the update step size for the LMS method is 0.001, and the grid range for rough DOA estimation is 10°. The accurate DOA of the incoming signal is 17° , and the value obtained from a rough DOA estimation is 20°. 
Radiation pattern
MSE of improved LMS
Conclusion
Millimeter waves have a significant amount of bandwidth to meet the ever growing demand for mobile data. However millimeter-wave antenna arrays with full-resolution ADCs have the disadvantage of large power consumption. Using a one-bit ADC is a possible solution. In this paper, we proposed a mixed LMS beamforming method based on the onebit architecture. A simulation showed that spectral efficiency from the proposed method is close to the optimal value and has a fast conver-gence. Thus, the proposed method is suitable for building a millimeterwave stable link with less time consumption.
